Proliferative pulmonary vascular remodeling is the pathologic hallmark of pulmonary arterial hypertension (PAH) that ultimately leads to right heart failure and death. Highly proliferative endothelial cells known as endothelial colony-forming cells (ECFC) participate in vascular homeostasis in health as well as in pathological angiogenic remodeling in disease. ECFC are distinguished by the capacity to clonally proliferate from a single cell. The presence of ECFC in the human pulmonary arteries and their role in PAH pathogenesis is largely unknown. In this study, we established a simple technique for isolating and growing ECFC from cultured pulmonary artery endothelial cells (PAEC) to test the hypothesis that ECFC reside in human pulmonary arteries and that the proliferative vasculopathy of PAH is related to greater numbers and/or more proliferative ECFC in the pulmonary vascular wall. Flow cytometric forward and side scatter properties and aggregate correction were utilized to sort unmanipulated, single PAEC to enumerate ECFC in primary PAEC cultures derived from PAH and healthy lungs. After 2 weeks, wells were assessed for ECFC formation. ECFC derived from PAH PAEC were more proliferative than control. A greater proportion of PAH ECFC formed colonies following subculturing, demonstrating the presence of more ECFC with high proliferative potential among PAH PAEC. Human androgen receptor assay showed clonality of progeny, confi rming that proliferative colonies were single cell-derived. ECFC expressed CD31, von Willebrand factor, endothelial nitric oxide synthase, caveolin-1 and CD34, consistent with an endothelial cell phenotype. We established a simple fl ow cytometry method that allows ECFC quantifi cation using unmanipulated cells. We conclude that ECFC reside among PAEC and that PAH PAEC contain ECFC that are more proliferative than ECFC in control cultures, which likely contributes to the proliferative angiopathic process in PAH.
INTRODUCTION
Pulmonary arterial hypertension (PAH) is a poorly understood disease that carries a devastating prognosis. Increased pulmonary vascular tone in PAH leads to right heart failure and death. In addition to elevated pulmonary artery pressure, PAH is characterized by increased and dysfunctional angiogenesis of the pulmonary circulation. [1, 2] The pathogenesis of these vascular lesions is not well understood.
Dysregulation of angiogenesis is a notable feature of cells (ECFC) are believed to contribute to angiogenesis through cell proliferation. [8] While sprouting angiogenesis can be an appropriate response to vascular injury and hypoxia, increased and dysregulated angiogenesis is a hallmark of many disease states such as cancer, [8, 9] macular degeneration [10, 11] and pulmonary arterial hypertension. [1, 2] Identifying the key cellular players and how they interact in healthy and pathologic angiogenesis are important goals in understanding the pathogenesis of numerous diseases.
ECFC, also termed late outgrowth endothelial cells or blood outgrowth endothelial cells, are proliferative endothelial cells residing in the vessel wall and found rarely in the peripheral blood. [7, 12] ECFC were identi ied by Ingram and colleagues using a single cell in vitro colonyforming assay. [8, 12] Although identi ied in the search for an endothelial progenitor cell, it is unclear whether ECFC represent a unipotent or multipotent stem cell or are just fully differentiated endothelial cells with high proliferative potential. ECFC express endothelial cell-speci ic surface markers, such as CD34, CD146, CD31, Flk-1 and CD105, but there are currently no markers that distinguish ECFC from other endothelial cells. [8, 12] ECFC meet rigorous tests of endothelial cell function, including possessing the capacity to form functional vessels in vivo when implanted in immunode icient mice. [13] ECFC therefore demonstrate the capacity to form structural cells of mature vessels.
Although originally isolated from peripheral blood where they comprised only 1 in 10 8 plated human mononuclear cells, ECFC have since been identi ied in several different vascular beds, including the human umbilical vein and aorta, as well as the rat pulmonary artery. [8, 13, 14] A hallmark of ECFC is their remarkable proliferative potential, having been documented to achieve over 100 population doublings in vitro. [8, 12] The role of ECFC in disease has been suggested by studies in diabetes and pulmonary arterial hypertension (PAH) that suggest that ECFC function is compromised in these illnesses. Circulating ECFC demonstrate impaired angiogenic tube formation in both diabetes and PAH. [15, 16] While there have been several studies investigating the role of circulating pro-angiogenic hematopoietic cells in PAH, the importance of ECFC in the genesis of the vascular lesions of PAH is less well studied. [16] [17] [18] [19] [20] Given the angiogenic and proliferative capacities of ECFC and the exuberant angiogenesis that occurs in PAH, it is possible that differences in either proliferative capacity or numbers of these cells may contribute to the vasculopathy of PAH. We hypothesized (1) ECFC reside in the human pulmonary arteries in PAH and controls and (2) that PAH PAEC will contain a greater number or more proliferative ECFC. We further sought to validate that the assay used to isolate and grow ECFC would yield clonal populations of cells. In this study we describe the characterization of ECFC derived from the cultured endothelial cells from the human pulmonary artery and differences in these cell populations between healthy control and PAH patients.
MATERIALS AND METHODS
Pulmonary artery endothelial cell isolation and culture PAH and control PAECs were obtained from explanted PAH human lungs and donor lungs not used in transplantation, respectively. All patients were female for purposes of clonality analysis (see HUMARA assay below). Pulmonary arteries were dissected down to the distal small arterioles, longitudinally cut, and incubated with collagenase type II to detach endothelial cells. Cells were grown in MCDB-107 (Sigma, St. Louis, Mo.) on ibronectin-coated tissue culture plates. Tissue culture plates were pre-coated with 1 mL of bovine serum ibronectin (Calbiochem, La Jolla, Calif.) diluted in phosphate-buffered saline (PBS) to 50μg/mL for 20-30 minutes. PAEC were passaged at 70% to 80% con luence by dissociation with 0.25% trypsinethylenediaminetetraacetic acid (Invitrogen, Carlsbad, Calif.) with trypsin reaction stopped with MCDB-107 media containing serum. Endothelial cell phenotype was con irmed by immunocytochemistry for the endothelial cell-speci ic markers CD31 (1:30 dilution; Dako, Glostrup, Denmark) and von Willebrand factor (vWF; 1:200 dilution; Dako, Glostrup, Denmark), and luorescence-activated cell sorting (FACS) analyses for CD31 and VEGFR2 expression (Becton Dickinson, San Jose, Calif.). Immunohistochemical analysis of cultured cells identi ied that >95% were CD31-positive and >99% vWF-positive. FACS analysis con irmed that >95% of the cells were CD31-and VEGFR2positive. [17, 21] Primary cultures at passage 5 were used in experiments. DNA from original PAEC cultures was analyzed for mutations and chromosomal abnormalities known to be associated with PAH. Cultured PAEC were harvested by manual scraping with a cell scraper and DNA was extracted using the Qiagen DNA Mini kit (Qiagen, Valencia, Calif.) according to the manufacturer's recommended protocol. BMPR2 mutation analysis was performed by direct sequencing and multiplex ligationdependent probe ampli ication as previously described. [17] To detect genome-wide copy number changes, DNA was hybridized to single nucleotide polymorphism arrays, as previously described. [22] Endothelial colony-forming cell assay
We adapted the ECFC assay originally described by Ingram and colleagues for the culture of PAEC. [8] The principle is to sort single endothelial cells into the wells of a 96well plate and subsequently culture and expand dividing cells. Through the use of single-cell sorting, the range of clonogenic potentials of PAEC can be assessed using this assay. ECFC that possess high proliferative potential form secondary colonies upon replating.
PAEC at passage 5 from frozen stock stored in liquid nitrogen in 10% DMSO in fetal bovine serum (FBS) were brought to room temperature and cultured in complete endothelial growth media-2 (EGM-2; bullet kit, Lonza, Walkersville, Md.) in a ibronectin-coated 100 mm tissue culture plate. Cells were grown in 9 mL of EGM-2 supplemented with 10% FBS, 2% penicillin/streptomycin and 0.25 μg/mL amphotericin B (EGM-2 complete) and incubated in a humidi ied incubator a t 37°C with 5% CO 2 . At 50-90% con luency, PAEC were subsequently rinsed twice with PBS and trypsinized with 1 mL of warm trypsin-EDTA. Trypsinization was stopped with 4 mL of EGM-2 complete and cells were harvested and spun down at 233 g for 5 minutes at 20° C. Media was aspirated and cells were resuspended with 1-3 mL of EGM-2 complete and then iltered with a 40 μm ilter for single-cell sorting into 96 well plates. Suspended cells were kept on ice to reduce aggregation.
Ninety-six-well plates and all subsequent plates used for culture of ECFC were coated with 5 μg/cm 2 of rat tail collagen type I (BD Biosciences, San Jose, CA) in 0.02N acetic acid prior to adding cells. Stock solution of 0.02N acetic acid was prepared from glacial acetic acid (17.4N) diluted in Milli-Q-puri ied water (Millipore, Billerica, Mass.) and iltered with a 0.22 μm vacuum ilter under a laminar low tissue culture hood. Prior to preparation of plates for sorting, collagen type I solution was made fresh by adding the appropriate amount of collagen type I to the acetic acid stock to make a 50 μg/mL collagen type I (collagen-I) solution. After determining the surface area of each well, enough collagen-I solution was added to cover the plating area with 5 μg/cm 2 of collagen-I. Plates were coated 2 hrs. to overnight in a humidi ied incubator at 37°C with 5% CO 2 . Collagen-I solution was then aspirated and wells were rinsed twice with PBS. Two hundred μL of EGM-2 complete was added to each well of a 96-well plate. For subculturing, larger culture vessels received appropriate volumes of EGM-2 complete.
PAEC suspended in complete EGM-2 were sorted by FACS using a FACSAria II low cytometry cell sorter (BD Biosciences, San Jose, Calif.) to place a single cell in each well of a 96-well tissue culture plate. Cells were sorted by forward scatter and side scatter (FSC/SSC) gated for the cellular fraction with aggregate correction to ensure that multiple cells were not sorted into each well. One hundred cells were sorted into the irst well on each 96-well plate to assist with focusing of the microscope during visualization. PAEC were sorted into 3 96-well plates for each patient. Media was changed on Days 4 and 8. After 2 weeks, wells were examined for formation of ECFC colonies by an inverted microscope. Cell counts were performed by visual inspection where possible or otherwise with a hemacytometer. To detach cells for subculturing and counting the supernatant overlying, each well of a 96-well plate was removed and the well was rinsed once with 70 μL PBS. Twenty μL of warm trypsin was added to the well and incubated for 2.5 minutes at 37° C. Trypsinization was stopped by adding 30 μL EGM-2 complete. Plates were put on ice after this step to prevent aggregation. Where counting was achieved with a hemacytometer (>50 cells), 10 μL of the cell suspension was loaded onto a hemacytometer and the 4 corner ields were counted and averaged. A colony was de ined by the presence of 2 or more cells in a well. ECFC were de ined as single cells giving rise to a colony containing 50 cells or greater. [8] Replating of ECFC After the number of cells/colony was counted, ECFC colonies were subcultured in 600 μL of complete EGM-2 in a 24-well tissue culture plate pre-coated with 5 μg/ cm 2 rat tail collagen-I and examined for secondary colony formation or con luence after 1 week. Wells in which there was colony formation were subsequently subcultured in 2 mL complete EGM-2 to a 6-well tissue culture plate precoated with 5 μg/cm 2 rat tail collagen-I in complete EGM-2 and allowed to grow to con luence. Con luent wells were then subcultured in a 100 mm tissue culture plate precoated with 5 μg/cm 2 rat tail collagen-I in complete EGM-2.
Immunohistochemistry ECFC which were expanded to 6-well plates and 100 mm tissue culture dishes were analyzed for endothelial cell-speci ic markers to con irm endothelial phenotype: vWF; endothelial nitric oxide synthase (eNOS); caveolin-1 (cav-1); CD31; and CD34. Cells were trypsinized with 1 mL of warm trypsin and transferred onto 4-well chamber slides pre-coated with rat tail collagen type I and grown in complete EGM-2 as previously described. After overnight incubation at 37° C, media was removed and cells were ixed using the following methods speci ic to the staining protocol for each antibody: vWF-4.0% paraformaldehyde/PBS/0.2% Triton 100 for 10 minutes at room temperature; eNOS-methanol for 10 minutes at -20° C; CD31-4.0% paraformaldehyde/PBS/0.2% Triton 100 for 10 minutes at room temperature; caveolin-1acetone-methanol (1:1) for 10 minutes at -20° C; and CD34-acetone for 10 minutes at -20° C. After ixation, cells were washed 3 times with PBS and blocked with 3.0% normal goat serum (vWF, eNOS, CD31) or horse serum (cav-1, CD34). Following aspiration of blocking serum, cells were incubated with 200 μL of the following primary antibodies at the listed dilutions at room temperature for 90 minutes with gentle agitation: polyclonal rabbit anti-human: vWF at 1:1200 (Dako, Glostrup, Denmark); polyclonal rabbit anti-human NOS3 (eNOS) at 1:500 (Santa Cruz Biotechnology, Santa Cruz, Calif.); polyclonal rabbit anti-CD31 prediluted at 1:4 (Abcam, Cambridge, Mass.); monoclonal mouse anti-caveolin 1 at 1:200 (BD Transduction Laboratories, San Jose, Calif.); and monoclonal mouse anti-human CD34 Class II at 1:25 (Dako, Glostrup, Denmark). A negative control which was incubated with blocking serum only instead of primary antibody was used for each PAEC sample or ECFC clone. Cells were then washed with PBS/0.05% Tween 20 three times for 5 minutes and the appropriate secondary antibody was added and incubated at room temperature for 30 minutes. For vWF, eNOS, and CD31, goat anti-rabbit IgG (Vector Laboratories, Burlingame, Calif.) was used and for cav-1 and CD34, horse anti-mouse IgG (Vector Laboratories, Burlingame, Calif.) was used. Cells were then washed with PBS/0.05% Tween 20 three times for 5 minutes with gentle agitation and avidin/biotin complex was added and incubated for 30 minutes at room temperature. Cells were washed again with PBS/0.05% Tween 20 three times for 5 minutes. Following wash step, microchambers were removed and visualization was achieved with ImmPACT DAB peroxidase substrate for 2-10 minutes. Slides were rinsed with running tap water, counterstained with hematoxylin (Vector Laboratories, Burlingame, Calif.) for 2-3 minutes, and rinsed again with running tap water until rinse water was colorless. Slides were destained with one quick dip in 1.0% HCl in 70% ethanol, rinsed with running tap water, and dipped 10-20 times in bluing solution (Richard Allan Scienti ic, Kalamazoo, Mich.). Following a inal rinse with running tap water, slides were dehydrated using an ethanol and xylene series and mounted with Permount.
Acetylated LDL uptake
ECFC which grew to populate a 100 mm tissue culture dish were trypsinized and cultured in a 2-well chamber slide pre-coated with rat tail collagen-I as previously described. ECFC were incubated with 20 μg/mL with DiI-acetylated-low-density lipoprotein (DiI-Ac-LDL; Invitrogen, Carlsbad, Calif.) for 2 hrs. in EGM-2 complete at 37°C. Cells were washed twice with complete EGM-2 and examined for DiI-Ac-LDL uptake using a Leica DM IRB inverted microscope.
Electron microscopy
For ECFC that expanded to populate a 100 mm tissue culture dish, we con irmed endothelial phenotype by examining for caveolae and Weibel-Palade bodies with electron microscopy. Samples were trypsinized and grown in a 2-well chamber slide pre-coated with collagen-I. ECFC were trypsinized, transferred to chamber slides, and grown overnight in 1.6 mL complete EGM-2 in a 5% CO 2 humidi ied incubator at 37° C. Media was aspirated and samples were ixed with 2.5% glutaradehyde and 4% paraformaldehyde with 0.2M cacodylate buffer and kept overnight at 4° C. Samples were washed with sodium cacodylate buffer (0.2M, pH 7.3) 3 times for 5 min. each. Cacodylate buffer was removed and 1% osmium tetroxide (in H 2 O) was added and incubated for 60 min. at 4° C. Samples were washed again with sodium cacodylate twice, 5 min. each, and rinsed with maleate buffer (pH 5.1) 1 for 5 min. Staining was then performed by adding 1% uranyl acetate in maleate buffer and stained for 60 min. Uranyl acetate was removed and samples were washed with maleate buffer 3 times. Samples were subsequently dehydrated by rinsing with increasing concentrations of cold ethanol (50-95%), 5 min. each, followed by 3 rinses with 100% room temperature ethanol. Following this, samples were rinsed with propylene oxide 3 times for 15 min. each. Propylene oxide was removed and replaced with 1:1 propylene oxide/eponate 12 medium (Ted Pella Inc., Redding, Calif.) at room temperature overnight. Subsequently, media was aspirated and pure eponate 12 medium was added for 4-6 hrs at room temperature. Polymerization was allowed to progress for 24 hrs., after which ultra thin sections of 85 nm were cut with diamond knife, stained with uranyl acetate and lead citrate, and then observed with a Philips CM12 electron microscope operated at 60 kV.
HUMAR A assay
We assessed the clonality of ECFC that proliferated to populate a 100 mm tissue culture dish by examining the X-inactivation distribution of ECFC and the parent PAEC culture with the human androgen receptor assay (HUMARA). HUMARA uses the methylation status of a highly polymorphic CAG repeat region lanking the human androgen receptor gene as a surrogate for X-inactivation status. [23] The inactive X chromosome is methylated in this region while the active X chromosome is not. X-inactivation is normally random in a human female; however, clonal populations of cells demonstrate inactivation of the same X-chromosome. HUMARA was performed as previously described. [17] ECFC in 100 mm tissue culture dishes were trypsinized and resuspended in EGM-2 and DNA was extracted using the Qiagen DNA Mini kit (Qiagen, Valencia, Calif.) according to the manufacturer's recommended protocol. One hundred ng of DNA was digested 16 h with RsaI and 100 ng DNA was digested with RsaI+HhaI. NEB Buffer 4 and 1X bovine serum albumin (BSA; New England BioLabs, Ipswich, Mass.) was used for both digestions. After digestion, restriction enzymes were inactivated at 80° C for 20 min. For HUMARA PCR, 1 μL or 4 μL of the diluted digestion product (RsaI and RsaI+HhaI, respectively) was added to 2 μL of ABgene buffer (Applied Biosystems, Carlsbad, Calif.), 2 μL dNTPs (2 mM), 2 μL custom synthesized luorescentlylabeled primers (Integrated DNA Technologies, Coralville, Iowa), 0.5 μL of dimethyl sulfoxide, 0.2 μL ABgene Taq polymerase, and the remainder with distilled water to achieve a inal volume of 20 μL. PCR reaction was run for 36 cycles on a thermal cycler. Ten μL of the PCR products were run on a 1.25% agarose gel to check for ef icient ampli ication. Two μL of the remaining product was diluted 1:10-1:100 in distilled water, as judged from the intensity of the band on the agarose gel. 1 μL of diluted PCR product was loaded with 8.75 μL of HiDi formamide (Applied Biosystems, Carlsbad, Calif.) and 0.25 μL of a luorescent ladder on an Applied Biosystems AB3730XL luorescent sequence using the "genotyping" module. Data were analyzed with Gene Mapper v4.0 software (Applied Biosystems, Carlsbad, Calif.). The raw peak height values of the digested samples were corrected for ampli ication ef iciency by using the average of the 2 samples digested with RsaI alone. [23] Results for ECFC were compared to HUMARA analysis of the original PAEC culture from which ECFC were derived. HUMARA PCR primer sequences were as follows: Forward-5'-GTT TCC AGA ATC TGT TCC AGA GCG TGC-3'; and Reverse-5'-6-FAM/ATG GGC TTG GGG AGA ACC ATC CTC-3'. 6-FAM is 6-carboxy luorescein, a luorescent PCR primer tag.
Statistical analysis
All data were analyzed using the JMP 9.0 software program. The Wilcoxon test was used for comparison of nonparametric data and the Wilcoxon signed rank test was used for comparison of paired nonparametric data, as appropriate. P values of less than 0.05 were considered signi icant. Mean ± standard error of mean for each group is shown.
RESULTS

Patient selection
PAEC were isolated from donor lungs not used in transplantation (n=4) and explanted lungs from PAH patients at the time of transplantation (n=11). Mean age of patients was 36.3±4.9 for control versus 48.8±3.5 for PAH, P=0.11. All patients were Caucasian females. The PAH group included patients with different subtypes of PAH and were genetically characterized for chromosomal or mutational changes known to be associated with PAH. [22] These genetic alterations included bone morphogenetic protein receptor 2 (BMPR2) mutations and a proportion of cells harboring mosaic deletion of the X-chromosome. Also included were PAH patients with no known genetic abnormalities ( Table 1 ).
Single-cell sorting of PAEC
PAEC were isolated from control and PAH lungs as outlined in the "Methods" section [ Fig. 1 ]. Cultured PAEC at passage 5 were grown to between 50%-90% con luency and sorted using a BD FACsAria II low cytometer to put a single cell in each well of a 96-well tissue culture plate pre-coated with rat tail collagen-I. Aggregate exclusion was performed as described in "Methods." Visual inspection of colonies with eosin staining 24 hrs. after sorting con irmed that 97% of wells received a single cell that was able to become adherent. Adherent cells included healthy-looking cells, pyknotic cells, and cells already undergoing division. Thus low cytometric techniques were effectively employed to achieve single-cell sorting of unstained PAEC (Fig. 2 ).
ECFC among control and PAH PAEC
A modi ied version of the ECFC assay described by Ingram and colleagues was used to isolate and culture ECFC as described. [8] We determined the quantity of ECFC contained in cultured PAEC, the numbers of cells contained in each ECFC colony, and the capacity for ECFC to form secondary colonies following subculture into larger culture vessels.
Our indings indicate that altogether, 216/1140 (18.9%) cells sorted from control PAEC formed colonies, while 820/3040 (27.0%) cells from sorted PAH PAEC formed colonies. The remainder of the cells did not divide and remained as single cells. Treating data from each patient as independent events, 18.0±4.6% of control versus 25.7± 2.4% of PAH PAEC gave rise to colonies (P=0.17, Wilcoxon test). In several cases, colonies containing greater than 50 cells when seen under light microscopy were trypsinized for counting with a hemacytometer, but no cells were subsequently visualized on the hemacytometer. We imputed a value of 50 cells/colony for these cases since the colonies were seen to be there. There was a broad range of colony sizes in both groups, ranging from cells that divided only once to cells that formed colonies containing over 3,000 and 10,000 cells in the control and PAH groups, respectively. The median number of cells per colony in controls was 55±5 cells versus 209±57 cells in the PAH group (P=0.14). Eight out of 11 patients from the PAH PAEC demonstrated a median number of cells per colony greater than the highest value in the control group. Although not statistically signi icant, PAH PAEC tended to give rise to colonies with larger numbers of cells.
We found that dividing cells from both control and PAH PAEC contained similar percentages of cells that gave rise to colonies of ≥50 cells (ECFC); (73.0±5.3% control vs. 75.0±5.3% PAH, P=0.40). However, PAH PAEC contained a larger proportion of highly proliferative ECFC and contained the more proliferative ECFC (Fig. 3) . The median number of cells in each ECFC colony was 144±36 cells in control versus 355±64 cells PAH, P=0.03 (Fig. 4a) ECFC are classi ied as possessing either high proliferative potential (HPP) or low proliferative potential (LPP) based on ability to form secondary colonies upon subculturing Figure 1 : Schematic of ECFC assay. Cultured control and PAH PAEC were single-cell sorted into 96-well plates by FACS based on forward and side scatter properties and allowed to grow for two weeks after which wells were scored for the formation of colonies. ECFC are defi ned as single cells that gave rise to a colony containing ≥50 cells. ECFC were subsequently subcultured into progressively larger culture vessels. Those colonies that retain the ability to give rise to colonies upon secondary culturing were considered high proliferative potential (HPP) ECFC. ECFC which lacked this capacity are considered low proliferative potential (LPP) ECFC. The most proliferative ECFC were assessed for endothelial cell phenotype and for clonal origin.
Figure 2:
Flow cytometric single cell sorting. PAEC suspended in EGM-2 were sorted into 96-well plates by FACS. FSC-A/SSC-A dot plot was used to defi ne gate for endothelial cells. In order to prevent the sorting of >1 endothelial cell in each well aggregate correction was performed. Aggregates lead to increased SSC-W and FSC-W due to prolonged scatter of the laser due to their increased size. Use of aggregate exclusion led to 97% of wells receiving a single endothelial cell that was able to adhere to the collagen matrix when assessed 24 hrs. after sorting. ( Fig. 5 ). [8] We investigated whether there was a greater proportion of HPP ECFC in PAH PAEC compared to control. We found that 24.9±5.6% of contr ol ECFC versus ECFC the leukocyte common antigen CD45, consistent with a putative role as the source of dividing endothelial cells during angiogenesis. [6] [7] [8] We chose to assess for the expression of CD31, vWF, cav-1, eNOS, and CD34. CD31 is expressed by platelets, endothelial cells, and macrophages and is used frequently used to stain for endothelial cells in immunohistochemical staining. [25] Von Willebrand factor, a protein that binds Factor VIII and is important for platelet adhesion, is highly expressed by endothelial cells. [26] eNOS is expressed in endothelial cells, and reduction of nitric oxide levels is implicated in the increased pulmonary vascular tone. [27] PAH PAEC express more eNOS than endothelial cells from the systemic circulation. Cav-1 is a protein that localizes to caveolae, invaginations of the plasma membrane which are found in most cells and is particularly important for vesicular traf icking in endothelial cells. [28] Cav-1 also regulates eNOS activity and may play a role in PAH pathogenesis. [27] CD34 is a cell surface protein implicated in cell migration and halting of differentiation that has been documented to be expressed in ECFC and PAEC, and which has served most commonly as a hematopoietic stem cell marker. [8, 29] Our indings indicate that ECFC are endothelial cells. They express CD31, vWF, cav-1, eNOS, and CD34, consistent with the expression pattern expected of endothelial cells and corroborating previous reports on ECFC surface marker expression. [8, 9] Staining of PAEC cultures prior to ECFC sorting also demonstrated expression of these markers (Fig. 6 ). The staining pattern was similar in both PAEC and ECFC groups, suggesting expression of CD31, vWF, Cav-1, eNOS, and CD34 is maintained in highly proliferative as well as less proliferative endothelial cells. ECFC also demonstrated uptake of acetylated LDL, a functional property of endothelial cells (Fig. 7) . Endothelial cell ultrastructure is typi ied by the presence of caveloae invaginations of the plasma membrane, as well as by Weibel-Palade bodies. ECFC demonstrated the presence of both these elements as visualized by electron microscopy (Fig. 8 ). Thus we found strong evidence that ECFC exhibit endothelial cell phenotype and are not colonies of any potential contaminating cells in the primary PAEC cultures.
Clonality of expanded ECFC confirmed by HUMARA
The ECFC assay allows the clonogenic potential of individual endothelial cells to be assessed. In order to further verify that this methodology could isolate cells that could undergo signi icant clonal expansion, we assessed the clonality of 3 of the most proliferative clones using HUMARA. Our data suggest that the expanded ECFC were clonal in origin ( Fig. 9 ). For PAH 3, PAEC 41.2±2.9% PAH ECFC were HPP ECFC, P=0.04 (Fig. 4b) .
HPP ECFC formed larger colonies in 96-well plates than LPP ECFC. The median number of cells per colony for LPP ECFC was 732±79 cells fewer than HPP ECFC at the 96well stage (869 cells per colony in PAH vs. 137 in controls, P<0.01), suggesting that the capacity for ECFC to form secondary colonies is directly linked to their proliferative potential. Furthermore, the most proliferative ECFC were also derived from PAH PAEC. Out of 4,180 single cells plated into 96-well plates, 15 grew to form subsequent colonies greater than 100,000 cells. All of these most proliferative ECFC were derived from PAH ECFC. Thus PAH PAEC give rise to a greater percentage of HPP ECFC and yield the more proliferative ECFC compared to control. This corroborates previous evidence demonstrating a hyperproliferative/apoptosis resistant phenotype among PAH PAEC and suggests more proliferative ECFC may contribute to this phenotype.
ECFC express endothelial cell markers
ECFC isolated from the circulation as well as other vascular beds have been demonstrated to be of endothelial origin as assessed by cell surface markers, functional assays, and gene expression pro ile. [8, 12, 13, 24] 16 ECFC express several endothelial cell-speci ic markers and do not express demonstrated random X-inactivation. After methylationspeci ic digestion, both a 226 bp and 223 bp peak were ampli ied in roughly equal proportions. However, in 2 ECFC clones derived from PAH 3, there was a loss of the 223 bp peak following methylation-speci ic digestion, suggesting that the same X chromosome is inactivated in all cells, implying a common clonal origin. Similarly, in PAH 11, which contains a mosaic X-chromosome deletion, the ECFC clone contained a single X-chromosome in all cells, indicating that it derived from a single cell with the X-deletion. Furthermore, the single X-chromosome was active in all cells. This veri ies the ability of the ECFC assay to isolate clones and potentially allow for studies of the most proliferative endothelial cells contained in culture.
DISCUSSION
ECFC are proliferative endothelial cells that demonstrate in vitro and in vivo angiogenic capacity, are structural cells of the endothelium, and are present but rare in the circulation. [8, 12, 30, 31] They have been isolated from cultured endothelial cells from the human umbilical vein and aorta, as well as the rat pulmonary arteries and microvessels. [12, 14] ECFC possess signi icant clonal proliferative potential and are implicated in both physiologic and pathologic angiogenesis. For example, ECFC demonstrate the ability to participate in vascular repair in mouse models of hind limb ischemia. [32, 33] Conversely, circulating ECFC dysfunction has been demonstrated in diseases of dysregulated angiogenesis, such as diabetes mellitus and PAH. [15, 16] This combination of proliferative capacity, in vivo angiogenic function, and evidence of dysfunction in diseases of aberrant angiogenesis all argue for a crucial role of ECFC in angiogenesis, perhaps as the source of endothelial cells required for new vessel formation.
A role for ECFC in PAH pathogenesis has been suggested from work done by Toshner and colleagues, who documented that circulating human ECFC in PAH with BMPR2 mutation display a hyperproliferative phenotype and have impaired in vitro tube-forming capacity. [16] However this work did not establish whether circulating ECFC were derived from the pulmonary arteries. Thus, it is not known whether these indings represent widespread endothelial dysfunction or a PAEC-speci ic pathology. ECFC isolated from the pulmonary vasculature itself has previously only been well-characterized in the rat lung, where ECFC were found in rat PAEC and were enriched in the pulmonary microvascular endothelial cells. [14] While this study offered important insight into the presence, distribution, and biology of ECFC in the pulmonary circulation, it did not establish a role for these cell populations in human disease. In the human pulmonary artery, the presence, quantity, and potentials of ECFC are largely unknown. The preseny study represents the irst attempt to address these questions.
In this study, we demonstrated a simple method to isolate ECFC using low cytometry to sort single endothelial cells into 96-well plates based on forward and side scatter with aggregate exclusion. We con irmed single-cell sorting by visual inspection with eosin staining and by indirect assessment of clonality (HUMARA). Using this method, we identi ied the presence of ECFC in cultured human PAEC derived from control and PAH populations. Our methodology notably avoided the use of retroviral vectors to introduce GFP into endothelial cells as described in the literature, which has the potential to introduce unforeseen changes to cell growth as well as adding to the biohazard for the manipulation of these cells. [8, 12] We observed that ECFC among PAEC are not rare, representing between 5-30% of all sorted endothelial cells in the healthy and PAH subject samples that we studied. There was a wide range of proliferative capacities among ECFC, with some giving rise to over a million cells while others proliferated to 50 cells and were unable to form colonies after subculturing. We found that PAH PAEC tend to give rise to larger ECFC colonies than controls and also contained more HPP ECFC, suggesting PAH ECFC proliferate more or are more apoptosis-resistant than control. Although there was not a statistically signi icant difference in the number of ECFC between control and PAH groups, the number of cells per ECFC colony was higher in PAH and the most proliferative cells after subculturing of ECFC were also found in the PAH group. Sorted PAH PAEC demonstrated a skew towards a more proliferative phenotype compared to control.
Overall these observations corroborate a previous report by our group demonstrating PAH PAEC in culture exhibit a hyperproliferative/apoptosis-resistant phenotype, [21] as well as indings by Toshner and colleagues that circulating ECFC are hyper-proliferative in PAH. [16, 21] Our indings indicate that more proliferative ECFC are present among PAH PAEC and may be linked to the hyper-proliferative phenotype of these cells in relation to control. Our indings differ somewhat from previous studies on ECFC in the systemic circulation. We overall observed less ECFC proliferation than was reported in previous studies of ECFC. For example, Ingram and colleagues noted that human cord blood-derived ECFC could achieve over 100 population doublings and human umbilical vein endothelial cells (HUVEC) and human aortic endothelial cells (HAEC) could be passaged to 40 or more population doublings. [8, 12] [12] Cells from later passages might be expected to possess either diminished proliferation, increased apoptosis, or contain a greater proportion of quiescent cells. We were unable to assess what proportion of non-dividing cells exhibited each of these traits. The amount of time cells are frozen and GFP overexpression may also affect the number of cell divisions they can undergo. Furthermore, as has been reported in rats, it is possible that in humans more proliferative ECFC reside in the pulmonary microvasculature compared to the pulmonary arteries. [14] Nonetheless, the identi ication of ECFC with signi icant proliferative potential in the pulmonary circulation mirrors what has been reported in the systemic circulation. Taken with the fact that ECFC have also been isolated from HUVEC and rat pulmonary microvasculature, it suggests that ECFC are general structural cells of the endothelium.
The ability to use the ECFC assay to clonally isolate and characterize pulmonary artery-derived ECFC can add to the growing body of knowledge regarding endothelial cell heterogeneity in the lung. Endothelial cell heterogeneity in the systemic circulation is well established, and there is increasing understanding of differences in pulmonary endothelial cell phenotype, [34] including segmentally dependent variations in nitric oxide production, barrier properties, surface antigen expression, and proliferative potential. [14, 34, 35] The majority of this knowledge is based on rat studies and thus much work remains to be done in humans. [35, 36] Elucidating PAEC heterogeneity could be important to broadly understanding how the pulmonary vasculature responds to stress, and speci ically PAH pathogenesis. PAH demonstrates segment-speci ic pathology. [37] For example, plexiform lesions arise in the distal precapillary circulation and are characterized by minimal muscularization while more proximally, lesions are luminal and concentric in nature, with exaggerated smooth muscle hyperplasia and invasion. [37] The ECFC assay can allow for expansion of distinct clonal populations of cells permitting a detailed study of endothelial heterogeneity that cannot be achieved simply through analysis of cells in bulk culture. It is possible, for example, that even within the same segment of the pulmonary artery only a small subset of cells produce factors that mobilize pro-angiogenic progenitors, or stimulate other endothelial cells to divide. These cells could be isolated and expanded by the ECFC assay. Additionally, in light of recent work by Aldred and colleagues demonstrating chromosomal disturbances in PAH PAEC, the ECFC assay also allows for detailed genetic analyses of whether multiple genetic hits identi ied in culture arise from separate hits in different cells or multiple hits within the same cell. [22] Thus the ECFC assay could be used to identify clonal genetic changes in PAEC that may confer a selective growth advantage.
More broadly, the ECFC assay allows for the characterization of the endothelial cells with the most proliferative potential. In the setting of PAH, there is widespread PAEC dysfunction, including a reduction in nitric oxide production, metabolic switch to glycolysis, and upregulation of HIF and HIF-inducible factors. [19, 38] While these characteristics are noted of PAEC in culture, it is not known whether they are present in the most proliferative cells. The clonal expansion and subsequent characterization of cells in the ECFC assay could allow for determination of whether there is correlation between endothelial dysfunction and proliferative potential of a cell. This knowledge may help elucidate whether increased proliferation and other types of endothelial dysfunction are intrinsically linked.
Many additional questions remain unanswered. The in vivo functionality of the ECFC was not assessed, and thus, their relevance to angiogenesis could not be directly ascertained. Furthermore, where in the pulmonary tree the most proliferative ECFC were derived is not known, since the preparation process does not distinguish between segments of the pulmonary arteries. This hampers a segmental-analysis of PAEC heterogeneity. It is possible that, given plexiform lesions in PAH are comprised of monoclonal cell proliferations, [39] ECFC may give rise to these lesions seen in end-stage disease. Our study was also limited in sample size, and did not allow for statistically meaningful comparisons between different subclasses of PAH.
Lastly, an existing challenge in current ECFC understanding is that it is not known what distinguishes the more proliferative from less proliferative ECFC or whether they are truly phenotypically distinct from other endothelial cells. The differences in proliferation potential can currently only be assessed by the ECFC assay. No markers distinguish ECFC from endothelial cells or predict their proliferative capacity. [8] Whether ECFC represent a true progenitor cell is also not known, as no studies have shown whether they exhibit asymmetric division or have the ability to differentiate into non-endothelial cells.
The ECFC assay allows for the proliferative capacity of individual endothelial cells to be interrogated and may be a potential tool to help elucidate functional and genetic heterogeneity among endothelial cells. In this study we reported development of a simpli ied method for ECFC assay using non-manipulated endothelial cells. Using this method we showed that numerous ECFC are present in the pulmonary artery endothelium. PAH pulmonary artery endothelium exhibit high proliferative ECFC compared to healthy controls. The methods and indings described herein represent another step towards unraveling the mechanisms by which PAEC contribute to this devastating disease.
